Objective: To provide comparisons and a worked example of itemand scale-level evaluations based on three psychometric methods used in patient-reported outcome development-classical test theory (CTT), item response theory (IRT), and Rasch measurement theory (RMT)-in an analysis of the National Eye Institute Visual Functioning Questionnaire (VFQ-25). Methods: Baseline VFQ-25 data from 240 participants with diabetic macular edema from a randomized, double-masked, multicenter clinical trial were used to evaluate the VFQ at the total score level. CTT, RMT, and IRT evaluations were conducted, and results were assessed in a head-to-head comparison. Results: Results were similar across the three methods, with IRT and RMT providing more detailed diagnostic information on how to improve the scale. CTT led to the identification of two problematic items that threaten the validity of the overall scale score, sets of redundant items, and skewed response categories. IRT and RMT additionally identified poor fit for one item, many locally dependent items, poor targeting, and disordering of over half the response categories. Conclusions: Selection of a psychometric approach depends on many factors. Researchers should justify their evaluation method and consider the intended audience. If the instrument is being developed for descriptive purposes and on a restricted budget, a cursory examination of the CTT-based psychometric properties may be all that is possible. In a high-stakes situation, such as the development of a patient-reported outcome instrument for consideration in pharmaceutical labeling, however, a thorough psychometric evaluation including IRT or RMT should be considered, with final item-level decisions made on the basis of both quantitative and qualitative results.
Introduction
The patient perspective is increasingly critical in clinical decision making as a means to communicate treatment benefit [1] . To fulfill this role, patient-reported outcome (PRO) instruments have been used to quantify how patients feel and function [2] . More recently, to support drug development, PROs have been increasingly included as key primary or secondary end points in clinical studies [3] . Given the growing prominence of PRO instruments, it is essential that they are scientifically robust and fit for purpose [4] . Although qualitative research drives content development for PRO instruments, the role of quantitative psychometric methods is to test measurement performance. There are three main psychometric paradigms: classical test theory (CTT) [5] , item response theory (IRT) [6] , and Rasch measurement theory (RMT) [7] .
In brief, CTT can be traced back to Spearman at the turn of the 20th century who introduced the decomposition of an observed score into a true score and an error and estimated the reliability of observed scores [8] . The premise is that items can be summed (without weighting or standardization) to produce a total score [6] . IRT can be traced back to Thurstone's law of comparative judgment from the 1920s and was fully expounded in the work of Lord [9] . Its foundations lie in the use of stochastic models to derive statistical estimation of parameters that represent the locations of persons and items on a latent continuum [10] . RMT was born out of the work of Rasch in the middle of the 20th century. He developed the simple logistic model (now known as the Rasch model), and through applications in education and psychology, he argued that he was able to demonstrate, mathematically, that his approach met stringent criteria for measurement used in the physical sciences [7] . The key difference between the approaches is that CTT and IRT typically describe a set of data, whereas RMT aims to obtain data that fit the model. A fuller description of the three paradigms can be found elsewhere (CTT [6, [11] [12] [13] , RMT [14] [15] [16] [17] [18] [19] , IRT [20] [21] [22] [23] [24] ). In addition, Table 1 provides additional background and comparisons across the approaches.
Direct comparisons of these psychometric methods in the PRO instrument literature are rare (and in the wider clinical outcome assessment literature, of which PRO instruments are a subtype, almost nonexistent). In part, this is because these paradigms encompass different methodologies, produce different information, and apply different criteria for success and failure.
Each approach has its supporters, and the traditional psychometric approach (CTT) remains the dominant paradigm. However, with IRT and RMT increasingly gaining favor in clinical outcomes assessment, understanding the value of each of these different psychometric approaches is essential. In this study, we compare CTT, IRT, and RMT in an analysis of the National Eye Institute Visual Functioning Questionnaire (VFQ-25) [31] , a widely used PRO instrument purporting to measure visual functioning in patients with vision impairment. The focus of this research was to describe typical analyses specific to each of the three paradigms and then to apply these analyses to a common data set, adopting the criteria for each paradigm separately rather than forcing the same criteria across the set. This was done to maintain the integrity of each method before comparing results for item-and scale-level evaluations. This research was not designed to evaluate the dimensionality of the example instrument, which would be better served in further research.
Methods

Sample
Baseline VFQ-25 data from 240 participants were made available from the clinical trial dataset study, a randomized, doublemasked, multicenter, laser-controlled phase 3 study of an injectable in patients with visual impairment due to diabetic macular edema [32, 33] . Patients qualified for the study if their best-corrected visual acuity ranged from 78 to 39 letters (i.e., Snellen-equivalent 20/32 to 20/160).
PRO Measure
The VFQ-25 includes 25 items plus a single-item general health rating. Items are grouped in the following proposed 12 scales: general health (1 item), near vision (3 items), ocular pain (3 items), distance vision (3 items), vision-specific social functioning (2 items), vision-specific mental health (4 items), vision-specific role functioning (2 items), expectations for visual function (3 items), dependency due to vision (3 items), driving (3 items), peripheral vision (1 item), and color vision (1 item). Items are scored by patients on five-or six-point response options. A total score is calculated by summing responses to items in each of the scales (score range 0-100), with higher scores indicating better functioning.
CTT methods were used when the VFQ-25 was originally developed [31] ; however, recent studies have explored its properties using IRT and RMT [29, [34] [35] [36] , which has led to mixed results. To date, the VFQ-25 has not been subjected to a head-to-head comparison of CTT, IRT, and RMT. For the purpose of this worked example, the original scoring and proposed scales of the VFQ-25 were ignored, and a single underlying construct of visual functioning was assumed.
Data Analysis
Three psychometricians (coauthors: L.D.M., C.D.C., and S.J.C.) independently conducted CTT, IRT, and RMT analyses, respectively, on the VFQ-25 items in the clinical trial data set. Although each method evaluates its own unique set of instrument properties, a subset of comparable properties was selected to facilitate a head-to-head comparison.
Classical test theory
CTT analyses were conducted and graphics produced in Microsoft Excel 2007. For the CTT evaluation of the VFQ-25, the following analyses were carried out:
1. Data quality and scaling evaluation: The amount of missing item-level data was used to evaluate data quality (no more than 5% missing was considered acceptable). Item-level response descriptive statistics were used to evaluate whether the item response categories were being used appropriately (each response category should have been selected by a subset of patients) without evidence for floor or ceiling effects (at least 5% but not more than 40% selecting the extreme categories was considered acceptable). Pattern of item mean scores over time was measured (skewness of r |2| was considered acceptable [37] ). A trend for greater amounts of missing data at the end of the instrument was a flag for respondent fatigue. A trend for greater amounts of missing data by content was a flag for potential content validity issues. 2. Scaling assumptions: Inter-item correlations and item-to-total correlations were used to gauge the strength of the relationships among the items and the appropriateness of scoring them together on one scale, as well as evidence for local dependencies. Inter-item correlations of 0.8 or less and item-to-total correlations of 0.3 or more were considered acceptable. 3. Reliability: Cronbach's alpha [30] internal consistency reliability was used to assess the degree to which items are related. A value of α Z 0.70 was considered acceptable.
Item response theory
To evaluate the VFQ-25 using an IRT model, the item parameters were calibrated and associated statistics and graphics were produced using IRTPRO (version 2. 
Rasch measurement theory
RMT methods were implemented using RUMM2030 software. The analyses conducted are described below:
1. Targeting: Scale-to-sample targeting concerns the match between the range of health impact due to vision problems 
measured by the VFQ-25 items and the range of health impact due to vision problems in the sample of patients. 2. Ordering of item thresholds: Each of the items of the VFQ-25 has multiple response categories that reflect an ordered continuum of health impact due to vision problems (e.g., 1, 2, 3, 4, 5…). Although this ordering may appear clinically sensible at the item level, it must work when the items are combined to form a set. Item fit validity analysis tests this statistically and graphically by threshold locations and plots. As such, we would expect the threshold values between adjacent pairs of response options to be ordered by magnitude (less to more). This is visible in graphical plots, in which the highest areas of the probability distributions of each response category should not be below either adjacent category plots. 3. Item fit validity: The items of the VFQ-25 must work together (fit) as a conformable set both clinically and statistically. Otherwise, it is inappropriate to sum item responses to reach a total score and consider the total score as a measure of health impact due to vision problems. When items do not work together in this way (misfit), the validity of a scale is questioned. Three main indicators can be examined to assess this: 1) fit residuals (item-person interaction), 2) chi-square values (item-trait interaction), and 3) item characteristic curves. There are no absolute criteria for interpreting fit statistics. Fit residual should fall between À2.5 and þ2.5 with associated nonsignificant chi-square values (significance interpreted after Bonferroni adjustment) [28] . It is more meaningful to interpret these statistics together and in the context of their clinical usefulness as an item set. Table 2 provides the CTT item-level descriptive statistics and evaluation results. Items were reverse scored so that higher scores are indicative of better functioning and performance. The item response frequency distribution was also reviewed, first sorted by the order in which the items were administered and then by mean item response (Fig. 1 ).
Results
Classical Test Theory
Data quality and scaling
A few items were found to have no responses in the highest category. For example, no participants selected the first category for item 2 (general vision), which would indicate blindness. Upon review, this is not a concern, because it is due to the eyesight exclusion criteria for the trial.
Multiple items were flagged for evidence of either floor or ceiling effects. Overall, there is little use of the higher categories, indicating that the item set may be more appropriate for a population with more severe impairment than our pretreatment sample had.
Most items were negatively skewed; the item response distributions were mainly in the upper end of the scale. Mean responses were "3" or above for each item except for item 3 (worry). Item 12 (matching clothes) and item 13 (visiting others) were flagged for extreme skewness.
Items 15c to 16a (driving) had a higher level of missing data likely due to participants' not currently driving.
About 80% of the participants responded as having no difficulty picking out or matching clothes because of their vision (item 12). This question may not be as effective for discriminating because of its social or fashion perspective. Local independence: RMT analyses also consider item scoring bias, which is the extent to which items are locally independent, i.e., individual items are not biased by each other Reliability
Commonly assessed using Cronbach's alpha coefficient [30] and item internal consistency indicators, including item-total correlations Assessed using the information curve, which is analogous to Cronbach's alpha being calculated separately at each score along the range of the scale. This reflects that an instrument's reliability may change depending on the level of the underlying condition being measured
Examined using the Person Separation Index, which is analogous to Cronbach's alpha CTT, classical test theory; IRT, item response theory; PRO, patient-reported outcome; RMT, Rasch measurement theory. * Although the general tenet around issues such as fit, dependency, and reliability are effectively consistent across Rasch-based software programs, the broad descriptions here are based on analyses and outputs generated through RUMM 2030 and cannot be considered as exactly the same as other programs.
Very little pain was reported, with most responses indicating mild or no pain (items 4 and 19).
There was no evidence to support a fatigue effect due to the length of the questionnaire. Instead, we found evidence for the response patterns to group by content. For example, the response distributions are indicative of the "social issues" (e.g., item 12 and item 13) being the least impacted by vision.
Scaling assumptions
The three items involving driving (items 15c-16a) were highly related. One potential solution for these items is to score these 
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items together and report one score for the composite (or triplet) formed by combining these three items.
Item 23 (rely on others' word) and item 24 (help from others) both measured social interactions and were flagged for being correlated (40.80).
Item 4 (amount of pain) and item 19 (amount of time without pain), although they are related to each other, are the least related to the other items.
Reliability
Alpha is quite high for these 25 items at 0.94. The itemtotal correlation results support our earlier findings, with the addition that the pain items are the least related to the total at r ¼ 0.25 for item 4 and r ¼ 0.34 for item 19 ( Table 2) . To investigate possible scale revisions, alpha was computed for a 22-item version, removing the pain items (item 4 and item 19) and the matching clothes item (item 12). Alpha remained at 0.92, with all items correlated at least 0.4 with the total.
Recommendations to consider on the basis of the CTT results include removing item 12 related to matching clothes as well as scoring the driving items (items 15c-16a) together and reporting one score for these three within the final scale. Alternatively, one of the driving items could be selected to represent the concept of driving impact rather than a composite based on the full set of three. In addition, given the low correlations between the pain items (item 4 and item 19) and the rest of the item set, consideration should be given to reporting the pain items as a separate score rather than combining them into the total score. Finally, depending on decisions about content and the final target population, the items related to social functioning should be considered for additional omission because of their skewness and floor effects (items 13, 14, 23, and 24).
Item Response Theory
The item characteristic curves, information functions, and S-X 2 P values for two items are presented in Figure 2 to provide visual examples of a good item (item 3-worry) and a problematic item Based on the data at hand, the IRT results suggest a number of item and instrument revisions. Response category revisions are suggested for items 12, 13, and 17 through 25, which appeared to be used dichotomously. Furthermore, including only the one driving item focused on the ability to drive at night would be the most informative and least redundant way to include the concept of driving. Item 23 (rely on others' word) is recommended for deletion because it covers a concept already measured in more informative item 24 (need help from others). The two items concerning pain or discomfort, 4 and 19, are also recommended for deletion because they provided inconsistent information because they measure a symptom and this scale is specific to functioning. continuum. This indicates a significant ceiling effect. The peak of the information plot was just above 0 logits of the continuum, indicating the best point of measurement of the VFQ-25 (Fig. 4 ). This reveals a clear pattern of better targeting for the more severely affected patients than those with higher functioning. In general, the graphical indicators of fit reflected similar fit statistics to those described above, revealing fluctuations in the class intervals in certain ranges of the measurement continuum for some of the items (Fig. 5 ). The items with the worst deviations were item 3 (worry) and item 4 (amount of pain). These items were found to significantly underdiscriminate across the range of visual functioning.
Rasch Measurement Theory
Item dependency:
Two pairs of items were found to have residual correlations of more than 0.30, suggesting dependency between item scores: item 4 (amount of pain) and item 19 (amount of time without pain), and item 16 (nighttime driving) and item 16a (difficult condition driving). 5. Reliability: The estimated Person Separation Index was 0.92, suggesting good reliability.
Overall, the findings from the RMT analysis were mixed in relation to the VFQ-25, and there are two areas requiring further consideration. First, fit and threshold ordering analyses suggest that there is probably more than one clinical concept underpinning the scale and reviewing scale content may help improve validity. Second, targeting analyses suggest that the VFQ-25 may be improved by adding items in the "higher functioning" range of the continuum.
Conclusions
This exercise was designed to compare outcomes when psychometrically evaluating a single PRO instrument in a single data set. Overall, results were similar across the three methods, with the IRT and RMT results providing more diagnostic details to improve the scale.
The CTT approach led to the identification of two problematic items that threaten the validity of the overall scale score, sets of redundant items, and skewed response categories for most items. In addition, the IRT and RMT approaches both identified poor fit for one item, many locally dependent items (threatening reliability and validity), poor targeting (threatening precision of measurement), and disordered thresholds for over half of the response categories (threatening validity). Importantly, both IRT and RMT were able to go beyond the information provided by CTT and begin to shed light on potential causes (e.g., flagging the inappropriate scoring structure for items 20 through 25) and areas for improvement (e.g., response option scoring, item misfit).
Traditional psychometric methods, underpinned by CTT, have been the most commonly used method for over a century and are based on evidence predominantly from correlations and descriptive statistics [5] . Strengths include familiarity, ease of adoption and use, and ability to provide tangible statistics that can be checked against existing criteria. There are, however, four main weaknesses of CTT. First, item-level data are based on ordered counts, not interval-level measurements, despite the fact that interval-level measurement is implied by CTT evaluations. Second, CTT produces findings that are both sample and scale dependent, leading to serious logical drawbacks if the measurement performance of an instrument is affected by the sample it is supposed to be measuring and vice versa. Third, missing data cannot be handled easily, and conservative rules to set total scores to missing when a certain number of items are missing unnecessarily ignore the information contained in the nonmissing items [45] . Finally, the standard error of measurement around individual patients' scores is assumed to be a constant value regardless of the person's location on the range of a scale, but it is counterintuitive that patients' scores at the extremes of the scale (floor and ceiling) have the same level of precision as those scores in the center of the scale (where most of the items would lie).
Modern psychometric approaches (i.e., IRT and RMT) represent a logical progression from CTT because they use more 5 -RMT: VFQ-25-RMT category probability curves and item fit. The first row of plots in the figure shows category probability curves for two example VFQ-25 items, and the second row of plots shows item characteristic curves. The x-axis (in logits ranging from -8 to þ8) represents the vision functioning construct that the VFQ-25 purports to measure. Better visual functioning increases to the right of the map and decreases to the left (i.e., increasingly positive logits ¼ better functioning; increasingly negative logits ¼ worse functioning). In the first row of plots, the different colored lines represent the response categories for each of the items, and the y-axis shows the probability of endorsing the response categories that are specific to each item. In the second row of plots, the y-axis shows the expected value as predicted by the Rasch model. The line represents the expected scores as predicted by the Rasch model. The black dots represent class intervals (mean person estimates). The closer the dots are to the line, the better the fit to the Rasch model. FitRes, fit residual; Locn, location; Pr, probability; RMT, Rasch measurement theory; VFQ-25, National Eye Institute Visual Functioning Questionnaire. sophisticated models and techniques. Although IRT and RMT are both item response models with a commonality in the structure of the mathematical models that are used, they approach social measurement from different starting points. The main difference is in how the two methods approach measurement and the evaluation of an item set. IRT prioritizes the data and aims to find the item response model that best explains the data. RMT prioritizes the Rasch model, and if data do not fit, the hypothesis requires revisiting. The reasons underlying these stances are expounded in more detail elsewhere (e.g., Andrich [17] ). We would suggest that it is essential to understand these differences for researchers deciding which approach to adopt, as well as to know that they each require a complex advanced level of mathematical understanding and unique software.
It is important to note that none of the approaches provide truly sample-free estimates. If the Rasch model is used (called the 1PL in IRT), sample and scale distribution-free estimates can be obtained [6] . In the IRT paradigm, as additional parameters are added (e.g., 2PL and 3 PL) through the subsequent IRT models, however, the parameter estimates are sample dependent within the same model up to linear transformation [29] .
The choice of the psychometric approach depends on a number of factors. The researchers should select methods they are comfortable performing because the current availability of user-friendly "black box" statistical software makes many psychometric methods more accessible than they have been in the past, but blind application of these methods can result in erroneous conclusions. The intended audience must also be considered. If the instrument is being developed for descriptive purposes and on a restricted budget, a cursory examination of the CTT-based psychometric properties may be all that is possible. We would propose that any level of psychometric analysis is better than none for these sorts of cases. In a high-stakes situation, however, such as the development of a PRO instrument for consideration in pharmaceutical labeling, a thorough psychometric evaluation must be performed using methods considered appropriate by the regulatory body, with both qualitative and quantitative results factoring in decisions. We suggest that researchers use IRT or RMT where appropriate for an evaluation. Simple problems with respect to missing data and floor/ceiling effects, however, are easily identified by CTT, so do not overlook the value of CTT. For example, CTT results identified more problems with the "driving at night" item than did the IRT results; the item had 50% missing responses and was flagged by CTT, but based on the IRT results, this item was selected as the candidate item to keep from the set of driving items because it was viewed as the most informative.
The main limitation of this study is that the consistency of results across the three psychometric methods may have been influenced by the instrument and data set chosen. The VFQ-25 is a well-known legacy measure that, like many of its time, was developed using what can now be considered a limited development process but 10 years ago was gold standard. Thus, it is not surprising that problems exist and were consistently identified. It would therefore be valuable to replicate our efforts here in other instruments to see whether any of the methods identify issues that other methods do not. An additional limitation of this study was the focus on the three methods in isolation versus as a component of a more extensive psychometric evaluation. Furthermore, we have not exhausted all aspects of these approaches. A typical evaluation would include an evaluation of the dimensionality of an item set based on methods such as exploratory factor analysis or confirmatory factor analysis. The authors do not wish to imply that other aspects of item and scale evaluation should be omitted. Our attempt, however, was to apply typical analyses specific to each of the three paradigms to a common data set.
Although direct comparisons of psychometric methods in the clinical literature are very rare, researchers from different paradigms working together in a single project are even rarer. Ultimately, the aim of all psychometricians working in outcomes measurement settings, regardless of approach, is to improve the available methodology, including the combination of qualitative and quantitative information in high-stakes evaluations. We hope that our unique collaborative effort will encourage others to do the same.
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